We study experimentally and theoretically collisions between photorefractive spatial solitons propagating in opposite directions and show that each of the interacting solitons significantly affects the self-bending of the other, exhibiting effective attraction for one beam and repulsion for the other.
INTRODUCTION
Collision between solitons is perhaps the most fascinating feature of soliton phenomena, because the interacting self-trapped wave packets exhibit many particlelike features. Over the years, soliton collisions have been extensively studied theoretically and experimentally, in Kerr and saturable nonlinear media, revealing a variety of effects. Among these are elastic and inelastic collisions, fusion, fission, annihilation, spiraling, and more (for a review see Ref. 1 and references therein). Until recently, all experimental and theoretical work on soliton interactions treated solely solitons propagating in the same general direction, that is, solitons propagating at a small (paraxial) angle with respect to each other. A recent series of papers, however, presented theoretical studies of incoherent [2] [3] [4] and coherent 3, 4 interactions between solitons propagating in opposite directions, for the generic Kerr nonlinearity 3 as well as for the screening nonlinearity in centrosymmetric 2 and noncentrosymmetric photorefractive media. 4 (See Ref. 3 for a detailed explanation of coherent and incoherent interactions between solitons propagating in opposite directions.) Independently of these theoretical studies, Kip's group has performed pioneering collision experiments with solitons propagating in opposite directions in photorefractive waveguides, demonstrating all-optical switching and routing. 5, 6 In this paper we present an experimental and theoretical study of interactions between one-dimensional photorefractive screening solitons propagating in opposite directions. We have found that the interaction between photorefractive solitons propagating in opposite directions suppresses the self-bending effects of both beams, leading to attraction for one beam and repulsion for the other. We have studied both coherent and incoherent interactions but did not observe differences in the overall interaction effects.
THEORETICAL MODEL
We begin by revisiting the theory of one-dimensional photorefractive screening nonlinearity. The space charge field E sc (x, z) satisfies
where I(x, z) is the optical intensity (in units of the background illumination), E 0 ϭ V/L, V is the voltage applied between electrodes separated by a distance L, k B is Boltzmann's constant, ⑀ r is the static relative permittivity, N A is the acceptors density, T is the temperature, e is the electron charge, and x and z are the transverse and the longitudinal propagation directions, respectively. The index change is ⌬n(I) ϭ (Ϫn 0 3 /2)r 33 E sc , where n 0 is the unperturbed (linear) refractive index and r 33 is the relevant term from the electro-optic tensor. Solving Eq. (1) to its lowest-order term results in the usual expression, E sc ϭ E 0 /(1 ϩ I), which gives rise to screening solitons. [8] [9] [10] [11] [12] However, the solution to Eq. (1) also includes higher-order terms, including some that are antisymmetric (for x → Ϫx) for a symmetric beam I(x) ϭ I(Ϫx). These antisymmetric terms are much smaller than the leading term, and hence they do not prohibit soliton formation; they cause an adiabatic tilt in the beam's trajectory toward a preferential crystalline axis. This effect is commonly referred to as the self-bending of photorefractive screening solitons. 7, 10, 12 The self-bending effect, although it is evident in all experiments, affects interactions between copropagating screening solitons very little, in both incoherent 13 and coherent 14, 15 collisions. The reason is straightforward: The trajectories of the interacting solitons, having the same intensity and width, selfbend together, keeping the interaction between them almost unaffected by the bending.
Here we show, theoretically and experimentally, that interaction between screening solitons propagating in opposite directions is greatly affected by the self-bending, exhibiting features that are generically different from those of collisions between copropagating screening solitons.
A wave consisting of two beams propagating in opposite directions can be written as
where F and B are the forward and backward beams, respectively, normalized to the square root of the background illumination. Here k ϭ n 0 /c, is the temporal frequency, and c is the vacuum speed of light. We are interested here mainly in the incoherent collision scheme, 13 that is, the situation when the relative phase between F and B varies much faster than the response time of the nonlinear medium, . As a result, interference terms such as F*B average out and do not contribute to the nonlinearity. In such an incoherent collision, space-charge field E sc is a function of the intensity averaged over t
Substituting this equation into the nonlinear wave equation, assuming that the nonlinearity is small (n 2 Х n 0 2 ϩ 2n 0 ⌬n) and that the solitons are at the same average wavelength, leads to
where, as noted above, ⌬n(I) ϭ (Ϫn 0 3 /2)r 33 E sc and E sc is given by Eq. (1). We solve Eqs. (3) numerically, using an iterative procedure based on a split-step beam propagation method. We first find the wave functions of screening solitons according to the leading terms 8, 9 (neglecting the self-bending effect) and use them as boundary conditions F(x, z ϭ 0) and B(x, z ϭ L). With these, we solve Eqs. (3) iteratively by simulating first the propagation of F in the ϩz direction (from z ϭ 0 to z ϭ L) and then the propagation of B in the Ϫz direction (from z ϭ L to z ϭ 0), repeatedly. In every integration step (for each beam separately) we calculate the nonlinearity [by solving Eq. (1)] with the intensity structure of the beam from the previous integration step, and the intensity structure of the oppositely propagating beam as produced in the previous iteration step. We continue until the iterative procedure converges. We verify the accuracy of the solutions by monitoring conserved quantities. We note that this procedure, which was also used in the research reported in Ref. 3 , solves for the temporal steady state only and does not describe the temporal evolution as the procedure described in Ref. 4 does. However, when the search is limited to temporal steady-state solutions, the two procedures give the same solutions.
Typical results that display the calculated interaction between solitons incident from the opposite faces of a 5-mm long SBN:60 crystal are shown in Fig. 1 . The solitons are 11 m wide (FWHM) and are launched at almost parallel trajectories, such that the center of the output soliton is displaced by ϳ29 m from the center of the input soliton at each face of the crystal. In these simulations (as in the experiment) the wavelength is ϭ 532 nm, r 33 ϳ 230 pm/V, E 0 ϭ 2.8 ͓kV/cm͔, and F max ϭ B max ϭ 6. The top of Fig. 1 shows the input beams (thick curves) and the output beams (thin solid
we also calculate the propagation of both solitons when they are launched individually by simulating Eqs. (3) for B ϭ 0 (dashed curve on face B) and for F ϭ 0 (dashed curve on face A) separately. To highlight the changes in the self-bending effects, we set the x ϭ 0 point at the interfaces in Fig. 1 to be at the exit point of the center of each soliton propagating separately. Examining the top of Fig. 1 , we find that, on face A, when the solitons are launched simultaneously the bending of the exiting soliton (which is preferentially toward the c axis) is reduced by ϳ13 m compared with the self-bending of the individually propagating soliton launched from face B and exiting at face A. Likewise, the bending of the soliton exiting at face B (which is also preferentially toward the c axis) is reduced by 2 m compared with the selfbending of the individually propagating soliton launched from face A. The reason for the reduction in self-bending of both exiting solitons can be explained by examination of the middle row in Fig. 1 . In both cases, self-bending decreases because the asymmetry of the index profile supporting each exiting self-bending soliton is reduced by the presence of the neighboring soliton propagating in the opposite direction. At face A the reduction in self-bending is dramatic because the (incoherent) attraction between the solitons 13, 16 works together with the reduction in the index asymmetry, the former being a universal property of interacting solitons, whereas the latter is unique to Fig. 1 . Calculated interaction between solitons propagating in opposite directions. Top, beam profiles at both faces: input beams (thick curves), output beams when the solitons are launched simultaneously (solid curves), and output beams when the solitons are launched individually (dashed curves). Middle, index change ⌬n at both faces when the beams are launched simultaneously (thin solid curves) and individually (dashed curves). Bottom left, trajectory of the peak of each soliton when the solitons are launched simultaneously (solid curve) and separately (dashed curve). Bottom right, sketch of the crystal, illustrating a top view of the beam trajectories and beam profiles at both faces. The bending of the exiting soliton at Face A is reduced by ϳ13 m compared with the self-bending of the individually propagating soliton (this change in bending acts as effective attraction between the solitons). The bending of the soliton exiting at face B is reduced by ϳ2 m compared with the self-bending of the individually propagating soliton (this change in bending acts as effective repulsion between the solitons).
screening solitons [it arises from Eq. (1)]. At face B, however, the reduction in the index asymmetry has to overcome the incoherent soliton attraction (which here works to increase the self-bending), and thus the reduction in self-bending is smaller. The bottom left-hand part of Fig.  1 shows the trajectory of the peak of each soliton when the solitons are launched simultaneously (thin solid curves) or separately (dashed curves). For clarity, the bottom right-hand part of the figure shows a sketch of the crystal, illustrating a top view of the beam trajectories and beam profiles at both faces.
EXPERIMENTAL METHODS
Our experiments are carried out under conditions similar to those of the simulation. The setup (Fig. 2) includes a photorefractive SBN:60 crystal into which two 11-m FWHM one-dimensional solitons are launched from the opposite faces separated by 5 mm of propagation. The crystal is tilted at an angle of 5°with respect to the normal to the interfaces so as to separate the exiting solitons, the reflections of the input solitons from the crystal faces, and internal reflections. The distance between each input soliton and the output soliton at the same face (when they are simultaneously launched) is 28 m peak to peak. The applied field is E 0 ϭ 2.8 ͓kV/cm͔, and the intensity ratio between the peak intensities of the solitons and the background beam is Ϸ36. To be able to switch between coherent and incoherent interactions, we introduce a piezoelectric (PZ) mirror into one of the optical paths. When the PZ mirror vibrates at 800 Hz the interaction is incoherent, as the nonlinearity cannot follow the interference between the beams. When the mirror is stationary, so is the interference, and the interaction is coherent. The intensity distribution at both faces is monitored by a camera.
EXPERIMENTAL RESULTS AND DISCUSSION
Typical experimental results are presented in Fig. 3 . First we launch each soliton separately and monitor the exit locations of the solitons at each face (Figs. 3A and   3E ), which indicate the bending of the individually launched solitons toward the c axis. Then we lunch the solitons simultaneously and let them undergo an incoherent interaction. The soliton exiting at face A bends less by 4.5 m (Fig. 3B) , whereas the soliton exiting at face B bends less by 10 m (Fig. 3F) . We also examine a coherent collision under the same conditions (with the PZ mirror stationary) and observe that the solitons and their bending (Figs. 3C and 3G ) are practically identical to those of the incoherent collision. Finally, for comparison, we monitor the linear diffraction (voltage off) of each beam at the output faces. The 11-m-wide (FWHM) input beams diffract to ϳ36 m and 40 m (Figs. 3D and  3H ), respectively.
We note that again we do not observe noticeable changes during a coherent collision between the solitons, neither in their widths nor in their trajectories (Figs. 3B,  3F, 3C, and 3G) . The coherent effects that occur during the collision arise from interference between the beams, translated into a reflection grating. 3 It is therefore essential to ensure experimentally that the coherently interacting solitons maintain mutual coherence at time scales much longer than , so the reflection grating is indeed formed. We test for the presence of such a reflection grating at the configuration at which the grating is the strongest, which occurs when the solitons are truly counterpropagating, one on top of the other (together forming a vector soliton as described in Ref. 17) . We let the grating form and reach its steady state, and then we block one beam and monitor the reflection of the other beam from the grating as the grating decays in time. This Braggmatched reflection from the decaying grating is shown in Fig. 4 as a function of time. The existence of this grating proves the occurrence of a stable coherent interaction between the counterpropagating beams. For comparison, when the PZ mirror is vibrating the grating does not form; i.e., the soliton interaction is incoherent, and no reflection is observed from the grating. We therefore con- clude that, experimentally, we do not observe any noticeable difference between coherent and incoherent collisions of photorefractive screening solitons propagating in opposite directions. Evidently, the reflection grating that forms in the coherent interaction between the displaced beams is too weak to affect the interaction significantly. A possible reason could be that the dense periodic modulation (in the z direction) gives rise to strong diffusion effects that limit the strength of E sc in the transverse (x) direction. 18 Before closing, we make a distinction between this work, i.e., studying interactions of solitons propagating in opposite directions, from the related subject of vector solitons formed by counter-propagating beams. 4, [17] [18] [19] [20] [21] In the current study, each beam forms a soliton and these solitons interact, whereas, for a vector soliton, each individual constituent does not form a soliton on its own.
CONCLUSIONS
To conclude, we have presented an experimental and theoretical study of interactions between photorefractive screening solitons propagating in opposite directions. We have shown that each of the interacting solitons significantly affects the self-bending of the other, exhibiting effective attraction on one side and effective repulsion of the other. The interaction effects in our experiments were dominated by self-bending, whereas the coherent effects that arise from a grating formed between nearly counterpropagating solitons were small. However, the coherent effects that arise during collisions between solitons propagating in opposite directions (predicted in Ref.
3 are generic and interesting; they introduce gratinginduced holographic focusing and should lead to a new type of soliton: the holographic soliton. 22 Observing holographic solitons is indeed the next experimental challenge. 
